Abstract. Co-worker safety support has been given prominence in manufacturing and transportation field for its positive effect on individual workers' safety; however, there is little evidence to show if such supporting role of co-workers is significant in improving project-level safety performance in construction workplace. This study adopts agent-based modeling (ABM) to understand the effectiveness of two distinct co-worker-safety-support actions on the safety performance of a construction project. Based on the risk theory, the ABM model simulates a construction site where worker agents reinforce steel bars with the likelihood of suffering crane-related incidents. The results indicate that both co-worker-support actions can significantly reduce the occurrence of nonfatal incidents but shows little influence in fatal incidents, and in reducing high-severity incidents, the action of warning peers to leave the hazardous area has the same effectiveness as reminding peers to wear Personal Protective Equipment. The present study provides a fresh insight into the safety-related role of coworkers: not only reveals how the local-level effects of co-workers' safety assistance emerge the system-level consequences, but demonstrates the effectiveness of specific peer-support actions on three levels of construction safety performance, and thereby extends our existing body of knowledge on co-worker safety support in the construction field.
Introduction
Occupational safety has emerged as one of the central concerns in the construction industry, as a result of high workplace casualties: in the United States in 2015, 937 construction workers died on the job (BLS, 2016a) . This was not only the largest number of fatalities in any one U.S. industry but nearly triple the death rate of the secondlargest one, manufacturing (BLS, 2016a) . To facilitate construction contractors' adoption of more effective methods for reducing workplace injuries and fatalities, a considerable body of research has focused on factors that can affect construction-safety performance. Traditionally, such work has been based on particular projects, and has ranked safety factors based on contractors' opinions (AbdulRashid, Bassioni, & Bawazeer, 2007; Chan, 2005; Cheng, Ryan, & Kelly, 2012; Jannadi & Bu-Khamsin, 2002; Sawacha, Naoum, & Fong, 1999) or on analysis of the targeted projects' actual safety records (Hinze, Hallowell, & Baud, 2013; Jaselskis, Anderson, & Russell, 1996; Tam & Fung, 1998) . However, the project-specificity of these studies' methods renders the generalizability of their findings to other construction projects questionable. Moreover, they have mainly focused on organizational-level factors at the expense of personnel-level ones such as co-worker safety support -a safety-related assistance provided by workers to their colleagues in workplaces (McFadden, 2015) . Despite sufficient empirical evidence from the manufacturing and transportation sectors has indicated that co-worker safety support can positively affect the safety-related behaviors, attitudes, and perceptions of workers (Brondino, Silva, & Pasini, 2012; McFadden, 2015; Meliá, Mearns, Silva, & Lima, 2008; Tucker, Chmiel, Turner, Hershcovis, & Stride, 2008; Turner, Chmiel, Hershcovis, & Walls, 2010; Watson, Scott, Bishop, & Turnbeaugh, 2005) , it is still unclear that whether co-worker safety support can make a difference to the objective safety outcomes of a project or a company. Especially in the construction field, it is often concerned that whether one safety-related approach can improve a construction project's safety performance (Li, Lu, Hsu, Gray, & Huang, 2015; Lu, Cheung, Li, & Hsu, 2016) . Regarding this research gap, the following questions can be raised: Can co-worker safety support significantly improve the safety performance of a construction project? Are there significant differences in improving construction safety performance between different co-workersupport approaches? Answering above questions can help both researchers and practitioners further understand the role of co-worker safety support in workplace safety in the context of construction field.
Therefore, to develop a complete and nuanced understanding of the effects of co-workers' distinct safetysupport actions on construction safety performance, the present study adopts a bottom-up approach called agentbased modeling (ABM): a simulation method allows researchers to use what-if scenarios to investigate how the system-level consequences can emerge from the individual-level interactions (Epstein, 1999) . From a perspective of risk theory, an ABM model was created to simulate a construction project -workers reinforce steel bars in a construction site with a crane hazard. Two distinct coworker-support actions -warning co-workers to leave the hazardous area and reminding co-workers to wear personal protective equipment -were individually and jointly implemented in the ABM model to explore their effectiveness on three safety-performance indicators: recordable incident, lost-time incident, and fatal incident. It is hoped that the present methodology can serve as a basis for further studies of the role of co-worker safety support in construction safety, and thus yield practical and theoretical implications for reducing occupational injuries and fatalities among construction workers.
Literature review

Critical factors in construction safety
In seeking to formulate effective strategies for improving construction safety, researchers have attempted to identify the critical factors that influence safety performance. Some studies have identified such factors by summarizing the opinions of construction-management personnel, and their findings have been decidedly mixed. For example, based on a survey of 120 contractors in the United Kingdom, Sawacha et al. (1999) found that organizations' safety policies have the most dominant influence on their safety performance, among other investigated factors including historical, economic, and procedural factors, etc. After surveying 117 large construction contractors in Egypt, concluded that the most significant factor in companies' safety performance was the safety awareness of their managerial personnel (Abdul-Rashid et al., 2007) . Chan (2005) reported that in Hong Kong, the most dominant safety factor was safety communication, but that elsewhere in China, it was safety awareness and training. All of this suggests that construction-safety issues may be culturally specific by nature, making it risky to generalize about such issues based on data from a small number of countries or cities.
A separate body of research has aimed to identify critical construction-safety factors at the project level: usually, via statistical analysis of the relationships between historical safety interventions and the corresponding project's safety performance (represented by lagging indicators such as incidence rate and experience modification rate). Again, the findings have been mixed. For instance, based on an analysis of the 69 safety programs implemented in an individual project in the U.S., Jaselskis et al. (1996) found that the two most significant factors in improving safety performance were the high experience level of the project manager and a supportive safety-management attitude. Hinze et al. (2013) interviewed with managers of 57 construction firms in the U.S. revealed that workerobservation programs and the tracking of injuries that required first aid were the best practices for reducing injury rates. And similar research in Hong Kong evaluated data from 45 construction projects and found that safety training and post-accident investigation were the most effective means of mitigating site casualties (Tam & Fung, 1998) . In short, as well as being somewhat contradictory, almost all the construction-safety factors thus far identified by project-level studies have been restricted to an organizational perspective and have neglected personnel-level factors. This represents a major gap in the literature. Although still limited in number, the discussions of one type of personnel-level factor known as co-worker safety support in the construction-safety field have recently gained prominence, where co-worker safety support was considered as one element of the safety climate of a construction project (Fang, Chen, & Wong, 2006; Mohamed, 2002) .
Co-worker safety support
Co-worker safety support has been defined as a type of social support given by workers to their colleagues in workplaces, focusing on their safety behaviors and performance (McFadden, 2015) . Such safety-related assistance offered by colleagues was derived from the concept of Active Caring in Geller's (1991) study, where the authors suggested that "workers could remind their peers not to perform an unsafe act" (p. 607). Co-worker safety support was further defined as a set of explicit approaches in later studies (Burt, Gladstone, & Grieve, 1998; Mueller, DaSilva, Townsend, & Tetrick, 1999; Roberts & Geller, 1996) . For example, Burt et al. (1998) designed the Considerate and Responsible Employee Scale with 21 co-worker-support approaches, including "workers should point out hazards to co-workers" and "assist each other with tasks to ensure safety" (p. 365). Based on the findings of these studies, the approaches of co-worker safety support can be categorized into three types: emotion-based, communication-based, and action-based.
Emotion-based safety support aims to enhance the safety awareness of co-workers through giving emotional care, which can involve workers giving positive feedback for working safely, encouraging safe working practices, and reminding one another to adhere to safety guidelines (Roberts & Geller, 1996; S. Tucker, et al., 2008; N. Tucker et al., 2010) . Unlike emotional-based support that emphasizes spirit caring, communication-based support is to enhance the safety awareness of co-workers through daily communications among workers, such as regularly scheduled discussions of changes that might prevent accidents and discussions of accidents and near misses that had happened previously (Brondino et al., 2012; Burt et al., 1998) . Above two types of support aim to enhance the safety awareness of co-workers by either emotional care or communications, while action-based support emphasizes the specific actions provided by workers to prevent their coworkers from workplace hazards. For example, Roberts and Geller (1996) proposed several actions that could be offered by co-workers in the workplace, including "point out hazards to co-workers" and "warn the co-workers whose behaviors are unsafe". More recently, "remind coworkers to use personal protective equipment" was highlighted in the study of Tucker et al. (2008) as a typical type of action-based support.
In fact, the effects of co-worker safety support on workplace safety have been widely studied in various industries other than construction. According to Watson's et al. (2005) survey of 395 steel-making employees in the Midwestern U.S., co-workers' safety support, including "remind co-workers to work in a safe manner" was indicated to be positively correlated with workers' perceived work environment safety (e.g. perceive the workplace is very safe) and negatively correlated to their at-risk behaviors (e.g. take short-cuts to get the work done). Tucker's et al. (2008) survey of 213 urban bus drivers in U.K. revealed that, in encouraging peers to speak out safety issues in workplace, co-worker support for safety, including "stop co-workers working dangerously, " played a more significant role than organizational support for safety (e.g. the company quickly responds to workers' safety concerns). Turner's et al. (2010) survey of 334 U.K. trackside workers indicated that, compared to safety support of senior managers and on-site supervisors, co-workers' safety support, including "remind co-workers to follow safety regulations", was the most significant factor associated with fewer hazardous work events encountered by workers in jobdemanding workplace. Survey by Brondino et al. (2012) of 991 manufacturing workers in Italian discovered that, when it came to enhancing workers' safety compliance and participation, co-worker safety support, including "safety communication and mentoring", had a greater impact than safety supervisors' safety monitoring. More recently, McFadden (2015) survey of 366 trunk drivers in the U.S. showed that team drivers with co-worker safety support conducted more safety behaviors in work (e.g. comply with the posted speed limits) than solo drivers without coworker safety support.
Previous studies have provided abundant empirical evidence on the significant role of co-worker safety support in affecting the safety-related behaviors, attitudes, and perceptions of workers, resulting in the argument of "co-worker safety support can improve workplace safety" in previous studies was restricted in the individual level. It is still unclear that whether co-worker safety support can make a difference to the objective safety outcomes of a project or a company, especially in the construction field, it is often concerned that whether one safety-related approach can improve a construction project's safety performance (Li et al., 2015; Lu et al., 2016) . Regarding this research gap, the following questions can be raised: Can co-worker safety support significantly improve the safety performance of a construction project? Are there significant differences in improving construction safety performance between different co-worker-support approaches? Furthermore, researchers have argued that the effectiveness of co-worker safety support may not be as influential in all contexts (Johns, 2006; Rousseau & Fried, 2001) , indicating the necessity of exploring the role of co-worker safety support in workplace safety in the context of the construction industry. The present study's measurement of the impact of co-worker safety support on construction safety performance is therefore an attempt to fill this gap.
Agent-based modeling and its application in construction-safety research
To investigate how individual-level interactions (coworker safety support) emerge system-level consequences (construction safety performance), an agent-based-modeling (ABM) approach is adopted in the present study. Distinguished from statistical-modeling approaches used in above-cited studies, ABM is based on an idea that a real-world system can be modeled using an environment, agents, and a description of agent-agent and agentenvironment interactions (Wilensky, 2015) . Specifically, the agents are a collection of autonomous entities with heterogeneous attributes and dynamic behaviors, and the environment is the space constituting of patches where the agents behave and interact (Gilbert & Terna, 2000) . ABM is especially beneficial in understanding a complex system where the attributes of agents are heterogeneous, the behaviors of agents are adaptive, and the interactions are non-linear and characterized by if-then rules (Bonabeau, 2002) . Given that each construction project is a complex system that involves diverse personnel, equipment, and activities, ABM has been seen an effective simulation technique (Sawhney, Bashford, Walsh, & Mulky, 2003) , especially since it takes into account the heterogeneity of construction workers, leading to more meaningful modeling of their interactions (Hsu, Weng, Cui, & Rand, 2016) .
According to the scale of the system investigated, studies using ABM in the construction safety field can be categorized into three types: task-, project-, and organizationlevel. In task-level studies, various construction tasks were modeled by defining the task-related machines and operators as agents, the construction zone where the machines/ operators performed as the environment, and the operational regulations and safety requirements as interaction rules. Marzouk and Ali (2013), for instance, used ABM to estimate bored-pile productivity while taking account of several safety considerations including space availability. In this study, the rig, crane, and pile were defined as distinct types of agents, and the detailed processes of making a bored pile were defined as the interaction rules. More recently, Goh and Ali (2016) proposed a hybrid simulation framework for earthmoving activity, comprising discrete event simulation, system dynamics, and ABM, taking into consideration workers' safety behaviors. It defined trucks, excavators, and operators as agents, and the processes of earthmoving as interaction rules.
In project-level studies, the simulation scale covers the entire construction project with the whole construction site as the environment, on-site personnel (e.g. workers and safety supervisors) and equipment (e.g. crane) as agents, and the overall safety performance of the project being the simulation outcome of their multiple interactions. For instance, to investigate how safety-management policy affected workers' safety behaviors, Walsh and Sawhney (2004) simulated changes in a construction project's processes caused by different safety-management actions and observed how such changes affected construction workers' production and safety records. Lu et al. (2016) investigated how the optimal safety performance could be achieved by different scenarios of safety-investment approaches, including innovative technological tools, employment of safety supervisors, and encouragement of workers to take responsibility for their peers' safety.
Lastly, organization-level studies define various decision-makers as agents and safety communications among the agents as interaction rules. As such, the agents may be several departments of a company, the company itself, or different actors in the construction industry such as contractors, developers, and government. Sharpanskykh and Stroeve (2011) applied ABM to the development of strategies for improving organizational safety culture, by modeling the relationships between such a culture and the organizational structures of air traffic management. To facilitate decision-makers' identification of the optimal strategies for improving their organizations' safety climates, Awwad, Shdid, and Tayeh (2016) modeled safety climate patterns in both bidding and construction phases involving many project stakeholders including contractors, project owners, insurance providers, and government officials. In short, ABM enables researchers to observe how emergent outcomes vary in response to different scenarios by changing the values of global variables or the versions of the model.
Methodology
This section introduced how an ABM model was designed as a simulation platform for understanding how distinct co-worker support actions, alone and in combination, affected the safety performance of a construction project. The ABM model was established on NetLogo software, a widely-used ABM language and development environment designed by Wilensky (1999) . The proposed model simulated a virtual construction project -workers reinforce steel bars in a construction site with a crane hazard. The virtual construction project was described by defining its project characteristics, the attributes of agents (Table A.1 and Table A. 3) and environment (Table A. 2), the global variables (Table A. 
Safety performance indicators
To comprehensively measure the safety performance of the virtual construction project, three severity levels of occupational safety indicators required in OSHA regulations were adopted: recordable incident, lost-time incident, and fatal incident (OSHA, 2004) . Recordable incident refers to a significant work-related incident in which the involved employee needs medical treatment beyond first aid (Keller, 2018) . Lost-time incident is more severe than recordable one, in which the injured employee is unable to return to work for several days (Reyes, 2014) . The average days away from work for a lost-time incident is 13 days for the construction sector (BLS, 2016b) . Fatal incident is the most severe one among three types of incident, in which the involved employee will be killed in the workplace. The rationality of choosing above three indicators is supported by the model of Safety Pyramid (Figure 2 ) (adapted from the study of Rebbitt (2014) ), demonstrating that recordable incidents, lost-time incidents, and fatal incidents can represent their severity levels in a hierarchical way. It is noteworthy that near misses can also be adopted as one safety-performance indicator in the future work, measuring the occurrence of incidents that not result in an injury but has the potential for an injury exists (Hinze & Godfrey, 2003) .
In the present model, the above three indicators were presented as the global variables recordable-incident, losttime-incident, and fatal-incident. Each worker agent was assigned the attributes individual-recordable-incident and individual-lost-time-incident to record the number of recordable incidents and lost-time incidents suffered during simulation. The global variables recordable-incident and lost-time-incident summarized the individual-recordableincident and the individual-lost-time-incident values of all worker agents, and fatal-incident recorded the number of worker agents that were killed.
Environment, agents, and their interactions
Basic information and risk theory
The virtual construction project was created as a 30-storey residential building with floor area of 800 square meters (32×25 m) with 50 kg/sq. m of steel bars. Given that ironworkers occupy one of the most hazardous breeds of worker in the construction industry with the highest rate of occupational injuries (Fung, Lo, & Tung, 2012) , the model agents and their working task was defined as ironworkers and steel-bar reinforcement, respectively. According to the labor-production standards for construction work (LD/T74. 1-4-2008, 2009 ), an ironworker can reinforce an average of 400 kg of steel bars per day, namely 1 sq. m of steel bars per hour if one works for eight hours per day (1 = 400/(50×8)). Given the heterogeneity in workers' productivity, each worker agent was assigned with the attribute working-speed with the value following a normal distribution with mean 1 (sq.m/hour) and standard deviation 0.05. 25 ironworkers were set up to conduct work in the construction site (Figure 3) . The time step of simulation was set as "one hour per step". In each time step, all workers followed their own working-speed to reinforce steel bar from left side to right side of the construction site. Once finished one floor of the task, the workers continued to conduct the next-floor task until the 30-storey workloads (24000 sq. m of steel bars) were accomplished, and the time steps spent in one-run simulation was recorded as the project construction time (hours).
While conducting work, the worker agents could suffer occupational harm in the construction site. According to the risk theory (UNISDR, 2009), the occupational risk is the likelihood of occurring of an occupational incident, and its consequences result from the interactions between hazard, exposure, and vulnerability (Figure 4) . Specifically, the hazard is an external source with a potential for physical harm in terms of injury or fatality, exposure represents the workers in the hazard-prone area that are thereby subject to potential harm, and vulnerability describes the characteristics of a worker that make it susceptible to the negative effects of a hazard. One worker is potential to suffer an occupational harm only when both hazard component and exposure component are overlapped (i.e. one worker is exposed to hazard-prone area), then the severity of such physical harm is determined by the worker's vulnerability (e.g. the worker with high vulnerability is easier to suffer more severe physical harm). As the first principles to build the risk condition of the virtual project, three components of risk: hazard, exposure, and vulnerability, were integrated into the design of ABM model, as described in the following subsections. 
Hazard component
Though many different hazards exist on real construction sites, the present model designated only a tower-crane agent as the external hazard source with the danger of dropping the load. This is justified, insofar as more fatal accidents in the construction industry are related to cranes than to any other type of equipment. In addition, the load on the crane jib (e.g. steel bars) is relatively fixed and easy to notice, and therefore a reasonable topic of co-workers' safety reminders. As illustrated in Figure 5 , in each time step the crane agent could generate a circle-shaped hazardous area (the projection of a cylinder) (Li et al., 2015) with the radius of 1 m. The size of the hazardous area is appropriate for the present construction project given factors such as workplace conditions, load size and weight, and lifting height (10/2011 (10/ -1-COP27, 2011 ). The precise location of the hazardous area was randomly changeable due to the crane's ever-changing attributes: i.e. the length of crane jib ranges (length) from 5 m to 30 m and its heading (heading) from -90° to 90° (Table A. 
1).
However, because of uncertain casual factors (e.g. overloading, the failure of crane operations, or broken jib), the load dropped from the crane was potential to fall on any one of patches inside the hazardous area (the size of one patch is one square meter). Each patch of the construction site was assigned with the attribute danger with default value 0, meaning that workers were safe to conduct work here. Once a dropped-load event happened, the danger of the patch on which the load dropped would turn into 1, while the danger of other patches inside hazardous area remained 0 for not being hit by the fallen load. To describe the probability of the dropped-load event, the global variable hazard-level was introduced in the model display ranging from 0 to 50 in increment of 1. Hazardlevel 0 represents the construction site is totally safe -no dropped-load incident happens in the construction site, while 50 represents extremely danger -100 percent of probability occurring the dropped-load event. As such, the value of hazard-level describes the level of hazard component, which is adjustable for the interest of model players.
Exposure component
Many occupational-accident reports concluded that 20% of accidents were caused by unsafe conditions, and 80% by unsafe behaviors (DuPont, 1983; Heinrich, 1959; Krause, 1997) . If the external hazard source (i.e. crane tower) is the unsafe condition making the workers potentially harmed, then conducting work in the hazardous area intentionally is the unsafe behavior increasing their exposure to hazard. A large body of behavior-based-safety literature has demonstrated that workers' safety awareness predicts their likelihoods of taking unsafe behaviors in the workplace, specifically, the workers with lower safety awareness are more likely to conduct unsafe behaviors (Chen, McCabe, & Hyatt, 2018; Choudhry & Fang, 2008; Man, Chan, & Wong, 2017) . To describe their likelihood of walking into the hazardous area, worker agents were assigned the attribute safety-awareness ranging from 0 (100 percent of probability walking into the hazardous area) to 100 (0 percent of probability).
In each time step, worker agents would determine whether to take a risk to conduct work in the dangerous area head of them. A random number (0-100) was generated by the model to compare with the value of safetyawareness of each worker agent. If the generated random number was smaller than the safety-awareness of one worker, he would avoid walking inside the front hazardous area; otherwise, he would take the risk to walk in. Given the heterogeneity in workers' safety awareness, the value of safety-awareness could randomly fall within a normal distribution with mean (mean.SA) and standard deviation 5. The value of mean.SA described the level of exposure component, which was adjustable for the interest of model players.
The default values of hazard-level and mean.SA were then set to a level of construction-industry average. According to the occupational-injury census data published by the U.S. Bureau of Labor Statistics, the average number of recordable injuries in a construction project was 23 injuries per 1000 full-time equivalent workers (BLS, 2014), namely around 0.6 injuries per 25 workers for the present model, among which 0.12 (0.6×20%) was expected to be caused by only unsafe conditions. Given that even all workers are unintentionally to conduct unsafe behaviors, there is still a small-probability (5%) case that the workers can be accidentally exposed to the hazard-prone area (Milazzo, Spasojević-Brkić, & Ancione, 2015) . Base on above official data, an average of 0.12 (0.6×20%) injuries are expected to be caused by unsafe conditions when the workers have 5% of probability (i.e. small probability (BMJ, 2018)) being exposed to hazard (i.e. safety-awareness = 95). The results of 5000-run simulations showed that, in the case of safety-awareness 95, the recordable-incident could stay around 0.12 when hazard-level was set as 5; in the case of hazardlevel 5, the recordable-incident could reach to around 0.6 when mean.SA was set as 75 (Table 1) . To sum up, when the default values of hazard-level and mean.SA were set as 5 and 75 respectively, the level of hazard and exposure component could achieve the construction-industry average.
Vulnerability component
After whether a worker works in a dangerous patch was determined, his safety status was then checked by the model in each time step: a worker would get injured if standing on the patch with danger 1 or be safe if with danger 0. Such an incident would be assigned to one of three severity levels: (1) a recordable incident, after which the attribute individual-recordable-incident associated with this worker would be increased by one; (2) a lost-time incident, upon which the attribute individual-lost-time incident increased by one; meanwhile, the worker would also spend 13 days (104 hours) away from work; (3) a fatal incident, after which the worker would die, and the global variable fatal-incident would be increased by one. Once one worker was killed, and the virtual construction project would not recruit a new worker.
The relative likelihood of each type of incident was based on the occupational-injury census data provided by the U.S. Bureau of Labor Statistics: i.e., that a lost-time incident was 35% as likely as a recordable incident, and a fatal incident 0.26% as likely as a recordable incident (BLS, 2017) . However, workers with high vulnerability to hazard are more likely to suffer severe injuries, e.g. workers not wearing personal protective equipment (PPE) are more likely to suffer lost-time injuries or fatality than workers wearing PPE. PPE refers to the equipment worn by workers to protect them against physical harm caused by external hazard (Farooqui, Ahmed, Panthi, & Azhar, 2009) . It was reported that workers without PPE protection were nearly 5 times more likely to suffer lost-time injuries than ones with PPE protection (UMSL, 2014), and 9 times for fatal injuries (Ho, 2016) . Based on above official data, for worker agents without PPE protection, the physical harm they suffered was deemed to be a lost-time incident (35%×5 > 1) and had 2.34% (0.26%×9) of probability turning into a fatal incident. To describe their PPE-wearing status, worker agents were assigned the attribute PPE-status with the value 0 (without PPE) or 1 (with PPE). The number of workers not wearing PPE was determined by the global variable Num-NoPPE ranging from 0 to 25 in increment of 1. According to the survey data provided by the 3M Occupational Health and Environmental Safety Division, around 80% of construction workers admitted to always wear PPE on work (Randles, 2009); therefore, the default value of Num-NoPPE was set as 5 (25×20%) to achieve the level of construction-industry average. The value of Num-NoPPE described the level of vulnerability component, which was adjustable by the interest of model players.
Interactions among agents
The interactions among the agents in the present model were represented as the safety support provided by coworkers. From the perspective of risk theory, occupational risk can be reduced by three approaches: reduce hazard, reduce exposure, and reduce vulnerability. Given that the dropped-load hazard is impossible to be reduced by coworker support, only two distinct action-based co-workersupport approaches were introduced in the present model: 1) SupportA: warn co-workers to leave hazardous area (Burt et al., 1998; Roberts & Geller, 1996; Watson et al., 2005 ) -aiming to reduce exposure, and 2) SupportB: remind co-workers to wear Personal Protective Equipment (PPE) (Brondino et al., 2012; Tucker et al., 2008 ) -aiming to reduce vulnerability. Global variables SupportA and SupportB were assigned to control whether to activate the respective co-worker-support action. At each time step, if the global variable SupportA was activated, one worker would be reminded to leave the hazardous area if he was seen by co-workers in a safe area; if the global variable SupportB was activated, one worker would be reminded to wear PPE if he was seen by coworkers wearing PPE. One worker behaving unsafely (e.g. PPE-status = 0) could be seen by other workers only when he was within the visual range of his co-workers behaving safely (e.g. PPE-status = 1) -no more than five meters away and within 60° of the direct line of sight (Rayner, 1975) . However, the influence of this support mechanism on the warned workers only lasted for one time-step, with all reverting to their normal unsafe behaviors in the following step.
Simulation results
To investigate the effectiveness of two distinct co-workersupport actions on construction safety performance in three levels (i.e., recordable incident, lost-time incident, and fatal incident), four types of co-worker-support scenarios were implemented on the proposed ABM model: 1) SP0: neither SupportA nor SupportB was activated (control group as a baseline measure); 2) SPA: only SupportA was activated 3) SPB: only SupportB was activated, and 4) SPAB: both SupportA and SupportB were activated. The risk condition was set to the construction-industry average, i.e. the global variables hazard-level, mean.SA, and Num.NoPPE remained the default values 5, 75, and 5, respectively. For each co-worker-support scenario, 5,000 runs of simulation were conducted to generate 20,000 samples of data for the analysis. Table 2 shows the simulation results in different co-worker-support scenarios. By using the "R" program, the simulation data were further analyzed by the Chi-square test for independence to investigate whether the occurrence of three types of incidents can be significantly reduced after imposing three co-worker-support treatments (i.e. SPA, SPB, and SPAB) when compared to the control group (i.e. SP0), and whether there are significant differences in reducing three types of incidents between three co-worker-support treatments. Table 3 shows the results of Chi-square test for the simulation data. The differences between four scenarios were considered significant when the probability of error was less than or equal to 0.05 ( 0.05 α =
). With the activation of SPA, the occurrence of recordable incident ( 2 46, 0.000 P χ = = ) and lost-time incident ( 2 28, 0.000 P χ = = ) was significantly reduced compared to SP0. The probability of no recordable incident and losttime incident, occurred in the virtual project increased from 54.6% to 61.3%, and 86.5% to 89.9%, respectively. However, although the probability of occurring fatal incident was reduced after (0.3%) the activation of SPA than before (0.5%), the result of Chi-square test showed that such positive effect was not significant ( 2 1.9, 0.2 P χ = = ). With the activation of SPB, the occurrence of lost-time incident was significantly reduced ( 2 32, 0.000 P χ = = ), compared to SP0. The probability of no lost-time incident occurred in the virtual project could increase to nearly ninety percent (90.2%), which was 3.4% higher than nosupport scenario (86.5%). However, there was no significant difference in reducing the frequency of lost-time incident between SPB and SPA ( 2 0.11, 0.7 P χ = = ), indicating that the effectiveness of SupportB and SupportA on reducing lost-time incident was the nearly same. The positive effect of SupportB was also insignificant on reducing the occurrence of fatal incident ( 2 2.4, 0.1 P χ = = ). With the activation of SPAB, the occurrence of recordable incident was significantly reduced ( 2 88, 0.000 P χ = = ), with 63.8% of probability of no recordable incident happened, compared to SP0. Although the effectiveness of SPAB shown in percentage was only 2.5% higher than SPA, the difference in reducing the frequency of recordable incident between SPAB and SPA was significant ( 2 6.6, 0.01
Regarding reducing the occurrence of lost-time incident, compared to SP0, the effectiveness of SPAB was proved to be significant ( 2 42, 0.000 P χ = = ), representing in the probability of the occurrence of lost-time incident was reduced by 9.3% from 100% to 90.7%; however, such effect showed no difference when compared with SPA ( 2 1.4, 0.2 P χ = = ) and SPB ( 2 0.66, 0.400
It was surprising to find that, the probability of the occurrence of fatal incident cannot be significantly reduced by merely single co-worker-support action (SPA or SPB) but can be significantly reduced by combined co-worker-support actions (SPAB) ( 2 4.5, 0.03
Discussion and conclusions
The present study aims to investigate the effects of two distinct co-worker-support actions on three severity levels of safety performance of a construction project. The simulation results indicate that the combined co-worker-support action can be effective in reducing three severity levels of incidents, whereas a single co-worker-support action is only effective in reducing nonfatal incident but ineffective in reducing fatal incident. Specifically, the occurrence of recordable incident can be significantly reduced in a construction project where workers remind each other to leave the hazardous area; the occurrence of lost-time incident can be significantly reduced when workers remind their peers to leave the hazardous area or wear PPE. However, the occurrence of fatal incident could only be significantly reduced in a situation where both workers remind each other leave hazardous area and wear PPE. It could be partly explained by the fact that, for a construction project with an industry-average level of risk condition, the probability of occurring fatal incident is too small (0.5%) to be improved. This finding implies the necessity of introducing multiple types of co-worker support approaches in real-world practice if a construction project aims to achieve an all-round safety-performance improvement. In addition, this finding also adds further support to Turner's et al. (2010) study who found the potential role of co-worker support in reducing the occurrence of occupational injuries. Note: '***' means P-value ≤ 0.001; '**' means P-value ≤ 0.01; '*' means P-value ≤ 0.05.
The results also suggest that, in reducing the occurrence of high-severity incidents (i.e. lost-time incident and fatal incidents), the action of warning peers to leave the hazardous area has the same effectiveness as the one of reminding peers to wear PPE. To be specific, both actions are the same effective in reducing the occurrence of lost-time incidents and similarly, show little influence on fatal incidents. This finding highlights the advantages of warning peers to leave the hazardous area in improving construction safety performance: not only it has the capability for reducing the occurrence of recordable incidents but also shows the same effectiveness as the action of reminding peers to wear PPE in reducing lost-time incidents. This finding can be also supported by the idea of Hierarchy of Health and Safety Controls that has been widely accepted by numerous safety organizations: if a hazard cannot be eliminated or substituted, the next best way is to provide warning systems to reduce the time the workers are exposed to hazard, while PPE protection is the least effective method and should be the last resort to protect workers from a hazard (Manuele, 2005; NIOSH, 2018; UAW, 2001) . Based on the above findings, decision makers in the construction field (e.g. contractors, project managers, and safety managers) are suggested to publicize the notion of "co-worker support for safety" through safety education and training, especially emphasize on the co-worker-support actions that are capable to reduce co-workers' exposure to the on-site hazards but not limited in cranes, such as trucks, excavators, holes in slabs, and so forth.
These findings help to disentangle how objective safety outcomes of a construction project may be influenced by the safety-related assistance among workers. The present study is the first to our knowledge to translate the locallevel effects of interactions among individual workers into the system-level consequences of a construction project, namely how different levels of safety performance indicators are potential to be enhanced through the action-based co-worker support approaches. Past empirical research has mainly examined how the behaviors of individual workers are correlated with their perceived co-worker safety support, rather than linking the relationship between coworker safety support and the whole safety performance of the workplace. Anchoring the present study in a risk theory provides a theoretical lens for better understanding the effectiveness of two distinct action-based co-worker support approaches on construction safety. Previous studies have mainly investigated the positive effect of the safety-related support of co-workers with comparison with the one of supervisors or organizations from a perspective of social capital theory, rather than in-depth differentiating the effectiveness of distinct approaches of co-worker safety support on workplace safety from a perspective of risk theory.
Nevertheless, the findings of the present study are only applicable to most construction projects with an average risk level. For those projects with high-risk level, it is uncertain that whether the effects of different co-workersupport approaches on construction safety performance are more significant or not. In a high-risk workplace, one worker is more likely to be harmed by hazards for their at-risk behaviors (1e.g. walk in the hazardous area). In this regard, the probability will increase for co-worker-support approaches to help workers escape from danger, but meanwhile, there are less qualified workers (workers without at-risk behaviors) enable to provide safety-related assistance to their co-workers with at-risk behaviors. As such, the interested researchers can change the values of three global variables in the ABM model (hazard-level, mean.SA, and Num-NoPPE) to further investigate how the effects of different co-worker-support approaches on construction safety performance can react in a high-risk construction project.
Despite the advantages of co-worker safety support, the influence of co-worker has been argued not always be positive (Bruk-Lee & Spector, 2006; Chiaburu & Harrison, 2008) . In the opposite of support, co-workers may provide wrong safety-related signals to other employees to interrupt their works (one form of co-worker antagonism), which has been proved to be negatively related with workers' working performance (Chiaburu & Harrison, 2008) . Such influence mechanism can be introduced to the present ABM model to further discuss the effect of co-worker support on both safety and productivity performance of a construction project.
The present study is subject to some limitations. First, although most parameters in the present ABM model were set based on the empirical data from the official documents, there are still some free parameters (e.g. the initial number of worker agents) set based on anecdotal experience in the construction field. It is justified because an appropriate level of model simplification and empirical realism is important while an accurate representation of all the details of a construction project is not (Axelrod, 1997; Epstein, 1999) . Those free parameters can be further varied to explore model behavior or calibrated by empirical data from future research (Eberlen, Scholz, & Gagliolo, 2017) . Second, the behaviors of agents in the present ABM model were reactive to the stimuli but not adaptive to it in the light of their experience, to be specific, the worker agents could react to the reminders from other co-workers but could not modify their unsafe behaviors regardless of how many times they had been reminded. As such, it may underestimate the effectiveness of co-worker safety support, and future researchers can usefully introduce learning theory into the construction of agents in the ABM model. In conclusion, by using an agent-based-modeling approach, the present study extends our existing body of knowledge on the significant role of co-worker safety support to workplace safety in the context of the construction field. More studies are encouraged to use ABM method to in-depth investigate the effect of a wider variety of co-workers' safetyrelated assistance (including communication-based and emotion-based one) on the construction safety.
